Abstract: As more manufactured stormwater treatment devices enter the market, stormwater managers are searching for effective and rapid methods for evaluating device performance. Many agencies require vendors to test full-scale versions of their devices under controlled conditions. The most common parameter used to document performance is suspended solids for several reasons: ͑1͒ many pollutants attach to solids; ͑2͒ a solids simulant is relatively easy to generate; and ͑3͒ solids are comparatively easy and inexpensive to quantify. However, a controversy still exists in the profession and some regulatory agencies as to whether total suspended solids ͑TSS͒ or suspended sediment concentration ͑SSC͒, or both, should be measured. This paper focuses on the comparability of the two methods/ protocols used for sample solids analysis, including lessons learned during recent evaluations of two manufactured treatment devices. Analysis of 215 sample pairs ͑where both TSS and SSC were measured on aliquots of the same sample͒ showed that statistically the TSS measured using the wide-bore pipet method and SSC results were indistinguishable from one another and from the original simulant mixture.
Introduction
The marketplace of new manufactured stormwater treatment devices is growing rapidly. Past history of these devices has shown that the performance claims vary widely, based on the vendor's testing. The result has been that, once these devices are installed in the field, the performance may not be at the level claimed by the vendor. Because of these discrepancies and in order to help the stormwater manager select a device based on comparable testing, several states and the federal government have developed and implemented standard testing protocols, which are managed through approved verification agencies. For example, the U.S. Environmental Protection Agency ͑USEPA͒ has NSF International, Inc.'s Water Quality Protection Center ͑NSF Inc. 2006͒ acting as its verification agency as part of its environmental testing-verification ͑ETV͒ program. The verification agency/ organization typically develops the required testing protocol and then selects an organization to conduct the actual testing. At the end of testing, the verification organization provides a recommendation for the anticipated performance range of a particular treatment device, or verifies the vendor's performance claims.
Two possibilities generally exist for performing these fullscale verification activities: field installations versus laboratory testing. Because of the time required and the lack of control on the field test site, laboratory testing is often preferred by vendors and is gaining favor with some agencies for, at a minimum, interim certification. A comparison between two or more devices claiming to address a specific pollutant is much easier with controlled laboratory testing.
Many of the laboratory-testing protocols focus first on solids removal for two reasons: ͑1͒ it is the primary parameter of interest for most regulatory agencies; and ͑2͒ it is considered the easiest parameter to simulate. There are no interfering reactions to simulate and no associations between dissolved and particulate pollutants to investigate. Laboratory testing does have its limitations, however. Many of these concerns were addressed by Guo ͑2005͒ and include the ability to accurately capture and quantify the particles represented in the prescribed test mixtures. This paper focuses on the differences found in the two most common methods of solids measurement-total suspended solids ͑TSS͒ and suspended sediment concentration ͑SSC͒. The large sample sets discussed in this paper were generated using simulant solids mixtures used by two teams of researchers ͓at Penn State Harrisburg ͑PSH͒ and the University of Alabama ͑UA͔͒ as they verified the solids' removal performance of two prototype and full-scale devices. In addition, these results are compared with a set of field data generated from ETV testing of one of the two treatment devices. The results of aliquots of same sample analyzed for both TSS and SSC are compared statistically.
Methodology
Much of the past research on stormwater runoff particulates has used the TSS methodology ͑either by EPA or by Standard Meth- 20   21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39 P  R  O  O  F  C  O  P  Y  [  E  E  /  2  0  0  7  /  0  2  4  8  2  3  ]  0  0  8  8  0  4 Q E E ods͒ to quantify these solids. However, the U.S. Geological Survey ͑USGS͒ in much of their water-quality monitoring efforts has used a different methodology to quantify the amount of particles in a water sample-the SSC method. They argue that TSS methods miss many of the larger solids often found in water quality samples collected in streams ͑Gray et al. Guo 2005͒ . A lack of understanding of the distinction between the methods also permeates some testing protocols. The protocols require specific, and identical, TSS and SSC influent concentrations, even when the test solids have a substantial fraction in the fine sand or larger size range, which typically are not recovered in the TSS analysis.
In addition to the concerns over the ability to analyze across the variety of solids found in stormwater runoff, different organizations/agencies have slightly different methods for analyzing TSS. Two of the most common TSS methods are from the US EPA Method 160.2 ͑USEPA 1999͒ and from Standard Methods for the Analysis of Water and Wastewater, Method 2540D ͑APHA 1995͒. These solids' characterization methods differ in two important ways: ͑1͒ the specification, or lack thereof, of the nominal pore size of the filter ͑or of the efficiency rating͒; and ͑2͒ the method used to collect the sample aliquot. Both of the TSS methods are documented to have problems capturing the larger particles found in simulated stormwater. For example, Standard Methods requires sampling middepth, yet that sampling location is likely to miss the larger particles that cannot be adequately suspended evenly in the water column. The EPA method requires a shake-and-pour aliquot selection, with the larger particles settling in the original sample container before pouring is completed. Therefore, several verification agencies have also been requiring SSC measurements. The purpose of requesting both measurements is so that comparisons to historical data can be performed. Most historical stormwater solids concentrations were measured using one of the two TSS methodologies.
The SSC analysis method was developed by the American Society for Testing and Materials ͑ASTM͒, and endorsed by the USGS, as a method better able to capture and quantify larger particles that may be collected in natural water, including stormwater, samples. That analysis technique is ASTM D3977-97͑B͒ ͑ASTM 1997͒ ͑reapproved in 2002͒. A summary of the three methods is shown in Table 1 .
As part of two verification projects-one for a sedimentation device and one for a filtration device, the researchers performed TSS and SSC on both influent and effluent samples, ending up with approximately 215 matched pairs. The simulant for each of these tests consisted of a solids distribution similar to that required in the NJ DEP Laboratory Testing Protocol ͑clay 1 -2 m, 5%; silt 2 -8 m, 15%; silt 8 -50 m, 25%; very fine sand 50-100 m, 15%; fine sand 100-250 m, 30%; medium sand 250-500 m, 5%; coarse sand 500-1,000 m, 5%͒. These simulants were made using sieved sand and Sil-Co-Sil 250. For the filtration device, the simulant had a portion of the sand replaced by a ground fertilizer to add phosphorus to the challenge mixture. The mix water source was an artesian well in the case of the sedimentation device and tap water for the filtration device. The simulant particles were silica based to meet the NJ DEP recommendation of a specific gravity of 2.65.
Each 500-mL influent and effluent sample from each device was split using a Dekaport cone splitter into five subsamples. An error analysis was performed for the cone splitter during a prior project, and the results showed that, over the particle size and concentration range of interest for this project, the median coefficient of variation ͑COV͒ ͑calculated as standard deviation/mean͒ between splits of the same sample was 5%, with lower COVs for higher concentration samples. One split was retained for particle size distribution analysis using the Coulter Multisizer 3, and four were used for solids analysis ͑TSS, TSS sieved to Ͻ250 m, SSC, and SSC sieved to Ͻ250 m͒. Because the sample bottles were filled to the brim, the actual volume split exceeded 500 mL and were approximately 115-120 mL. The TSS analyses were performed following the Standard Methods protocol 2540D using a wide-bore pipet. To reduce analytical bias, the pipet tip was not allowed to contact the bottom of the stirred sample bottle, even as the water level dropped in the sample bottle. In addition, the convex nature of the bottom of the bottles ensured that the pipet aliquot was not unduly biased by sampling those solids that did not suspend but traveled in a slurry along the bottle bottom. Additional testing ͑Clark and Siu 2007͒ by the research team of the wide-bore pipet TSS method has shown that the percentage of sample in the aliquot did not influence the solids recovery. The two subsamples were sieved to remove particles larger than 250 m in order to quantify the mass of large particles in the original samples. These results, along with the results of the TSS/ SSC sieved, are not relevant to and are not included in this paper. 
Results

Analysis of Entire Data Set
The 215 paired influent and effluent TSS and SSC samples were compared through a scatterplot analysis shown in Fig. 1 . A linear regression of these data, assuming that the intercept is zero, showed that the SSC measurements were predicted to be 1.4% less than the TSS measurements from the same sample ͑SSC = ‫ء689.0‬ TSS͒. The slope coefficient was significant with p ≪ 0.001. However, the 95% confidence interval on the slope coefficient was 0.935-1.04, indicating that the slope coefficient, while statistically significant, could not truly be distinguished from 1.0 ͑which is represented by the line SSC= TSS͒. These results differ from those of Gray et al. ͑2000͒, who found that TSS measurements were typically 25-34% less than the corresponding SSC measurements for paired samples. The data were reanalyzed using only the samples generated with no fouling agents or fertilizer in the influent mixtures. The remaining 169 sample pairs had the following relationship: SSC= ‫ء069.0‬ TSS. This analysis states that the SSC concentrations were typically 4% lower than the TSS measurements for the same sample. The slope coefficient was significant with p ≪ 0.001. However, the 95% confidence interval on the slope coefficient was 0.884-1.04, indicating that the slope coefficient again could not truly be distinguished from 1.0. The direction of this statistically insignificant difference was in line with Gray et al. ͑2000͒, but not of the same magnitude. Fifteen runs of the sedimentation device ͑with multiple TSS and SSC measurements collected per run͒ also had the influent concentration calibrated through a mass balance calculation. The solids were dispensed using a dry feeder and the solids flow rate was measured over a 5-min period. The weights of these collected samples were combined with the measured flow rate to generate the hopper influent concentration by mass balance. These results are shown in Fig. 2 and include the regression lines for the SSC versus hopper influent concentration ͑designated MB͒ and for the TSS versus hopper influent concentration.
The regression equations for these analyses show that the relationship between the SSC and the MB calculation is SSC = ‫ء20.1‬ MB, whereas for TSS, it is TSS= ‫ء27.0‬ MB. Both slope coefficients are statistically significant with p 0.001. An analysis of variance ͑ANOVA͒ between the three groups of samples ͑TSS, SSC, MB͒ indicates that, for the number of samples in each group, none of the groups could be distinguished statistically from the other ͑p Ͼ 0.01 for all combinations͒. Therefore, while it appears in Fig. 2 that the SSC and the MB are the best replicates of each other, the TSS data cannot be statistically distinguished from them. From a reporting standpoint, the entire dataset could be combined and used to document performance, as opposed to the separate reporting for TSS and SSC required by the agencies. Given the variability in the data set, substantially more samples would be needed for the differences in the data sets to be confirmed statistically.
Influence of Subsampling Techniques
As noted in the method discussions, subsampling techniques can greatly influence the results ͑Fig. 3 shows the same data as above but broken down by analyst͒. Analysts 1-3 and Analyst 5 were trained in the methods thoroughly by previous analysts prior to commencing sample work, including on the difficulties of obtaining a "representative" subsample for TSS analysis. Analyst 4 was given the TSS method ͑using Standard Methods protocol͒ and a set of samples. Analyst 4 therefore followed the Standard Methods recommendation of sampling midway between the vortex and the wall and at middepth, while the others were within 1 cm of the bottom of the bottle and midpoint between the wall and the vortex. For Analyst 4, TSS measurements were approximately one half those of the corresponding SSC measurements. Sampling at the middepth location was insufficient for retrieving a representative fraction of the larger particles which tended to slide along the bottom of the beaker or bottle. Unlike the treated sanitary wastewater that this method was designed to analyze, the solids in these simulants were not well mixed in the water column.
The regression equations and the 95% confidence intervals on the slope coefficient are shown in Table 2 . All slope coefficient values were statistically significant at the p Ͻ 0.001 level. R 2 values ranged from 0.66 to 0.95. Most of the confidence intervals contained the slope coefficient of 1.0, indicating that for the various analysts, TSS and SSC measurements for this data set were statistically indistinguishable from one another. Only Analyst 3's confidence intervals for the slope coefficient did not contain 1.00, thus statistically indicating a slight bias.
According to Gray et al. ͑2000͒ , an analysis of paired TSS and SSC samples showed that TSS results were typically between 25 and 34% less than the paired SSC sample. According to this testing, with the exception of Analyst 4, SSC results were between −10 and +10% of the TSS values. For Analyst 3 ͑the only analyst whose 95% confidence interval on the slope coefficient does not contain 1.00͒, the SSC bias was approximately +10% of the TSS values. TSS values were not consistently negatively biased, unlike the results found by Gray et al. ͑2000͒. Additionally, the results shown as Analyst 4 demonstrate the importance of subsampling near the bottom of a container when using the TSS method if the goal is to have the TSS results reflect all solids in the water and not just those that are well mixed in the water column. TSS subsampling near the top or middle of sample bottles that have a substantial fraction of larger particles will lead to the biases similar to or larger than those documented by Gray et al. ͑2000͒.
Influence of "Large" Particles
The second notable result from Gray et al. ͑2000͒ was that the size of the difference between the SSC and TSS result was greatest in samples where the sand fraction ͑Ͼ62 m͒ equaled/ exceeded 25% of the sediment. Their results showed that TSS was relatively similar to the SSC results when most of the particles are finer than 62 m. To determine the effect of a substantial fraction of particles being sand sized ͑Ͼ250 m for these tests͒ on the TSS and SSC results, the data in Fig. 3 were reanalyzed using only the influent samples, since it was shown that the effluent samples had very few, if any, particles Ͼ250 m ͑less than 10% of the effluent samples had solids Ͼ250 m͒. The influent-only sample results are shown in Fig. 4 and Table 2 . According to the testing, with the exception of Analyst 4 ͑see description above of effect of in-bottle sampling location on results͒, SSC results were between −13 and +10% of the TSS values. TSS values were not consistently negatively biased in the influent-only analysis. The regressions of this data show that the slope constants for all equations were statistically significant at the p Ͻ 0.05 level ͑the largest p value equaled 0.025͒. The R 2 values ranged from 0.67 to 0.95. Table 2 also provides a comparison of the equations generated from the two data analyses. In general, the slope coefficients are generally farther from 1.0 in the influent-only samples compared to the influent+effluent samples. In addition, the R 2 values are slightly smaller and the confidence intervals are larger. This reinforces the difficulty in adequately subsampling for TSS using the wide-bore pipet and indicates that the direction of the bias for each analyst typically is consistent. The magnitude of the bias simply increases when the samples have more sand particles. The effect of sand particles on the bias between TSS and SSC is similar to that found by Gray et al. ͑2000͒, although the magnitude of the bias is not the same for all analysts.
These results were compared to the ETV field testing of one of the two manufactured treatment devices at a public-works yard in Harrisburg, Pa. ͑denoted "Field" in Figs. 3 and 4 and in Table 2͒ . The field samples were collected using automatic samplers and were single composited influent and effluent samples from each storm event. The median percent of mass Ͼ250 m in the influent was 15% and in the effluent 2%. The equations for the field data were, for the influent+effluent, SSC= ‫ء539.0‬ TSS, and for the influent only, SSC= ‫ء898.0‬ TSS. The field data results were similar to those from the laboratory testing with biases less than that seen in Gray et al. ͑2000͒. The bias increased when the effluent samples, which had a much smaller percentage of samples with the large-sized particles, were eliminated from the data analysis.
While the testing results document the existence of a small, statistically insignificant bias between SSC and wide-bore TSS analyses, these results show that the bias is not consistent between samples where the maximum particle size is between 1,000 and 1,700 m compared to those whose maximum particle size is Ͻ250 m. In addition, the size of the bias is not as great as seen by Gray et al. ͑2000͒ . For the laboratory, the average bias between SSC and TSS was 1.4% for the combined sample set and 4% for the influent-only sample set. In addition, statistically the TSS and SSC analyses could not be distinguished from each other for 215 sample pairs. The lack of statistical significance shows that while to the untrained eye, the differences appear to be of concern, they, in fact, are not and analyzing the results by either of the two methods should generate statistically similar results. For the 215 data pairs in this project, and assuming a statistical power of 80% and a COV of 0.5, the minimum bias between the two methods that could be detected at 95% would be 15-20%. To detect the differences seen in this paper, given the variability in each data set, would require at least 500 and likely closer to 1,000 sample pairs.
Mass balance calculations, which are available for the influent for these controlled full-scale laboratory testing activities for solids removal performance, should be the most accurate measure of the concentration of solids entering the device. These results show that the mass balance calculations are well replicated by the SSC measurements, but not as well by the TSS measurements. However, the statistical analysis shows that the three groups are not statistically distinguishable from each other. Therefore, the mass balance, which should be a simpler measurement to obtain, should suffice as the measure of influent concentration in these tests. Reliance on the mass balance calculation also removes the difficulty documented in these data sets of adequately capturing the larger particles in a traditional TSS/SSC water sample analysis.
Conclusions
As more manufactured treatment devices enter the marketplace, stormwater managers need to document that the device performs as anticipated. For this reason, many verification agencies have incorporated a laboratory testing component into their approved protocols for documenting device performance. However, questions remain about setting up a representative laboratory program that can adequately represent field conditions and about how to accurately measure the solids concentration in the device's influent and effluent.
Stormwater researchers and managers have been debating as to whether to use TSS or SSC to quantify the solids concentration in runoff samples and the ability of the treatment device to remove these solids. Other researchers, including those of the USGS, found that TSS measurements were consistently lower than paired SSC measurements by up to 25-34%. This research has outlined the inconsistencies of the three traditional solids analysis methods ͑such as the filter pore size-which, if specified, differs between methods and between researchers-and the method of obtaining subsamples for filtering͒ and the differences obtained between the two methods for this laboratory. The results have shown that, for the same analytical filters, the bias between TSS ͑Standard Methods 2540D͒ and SSC is not as great as seen by the USGS for the particle-size distribution of the challenge solution samples, and the differences are not statistically significant. However, substantial differences can exist between analysts, if training methods are not consistent. This is particularly crucial when performing TSS analysis, which uses a small subsample of the original sample. If the aliquots are not collected at a location in the mixing sample where a representative fraction of the larger solids in the mixture can be collected by the pipette, SSC results will be measurably greater than the TSS results for the same sample.
This research also showed that the mass balance method of calculating influent solids concentration ͑where "we know what we added"͒-the simplest and most reliable-can be well represented in both the TSS and SSC measurements. Therefore, there is an argument to be made that mass balance calculations are comparable to the more time-consuming laboratory analyses and could be substituted for the analytical efforts on the influent side. This research shows that they are statistically identical. However, if it is desired to have an analytical result that most "resembles" the entire mass of solids added, then the SSC method is recommended since it provides the "closest" results to the known solids concentration. If the goal is to measure the solids that are well mixed in the water column, then the TSS method may be most appropriate.
This research has shown that many questions still exist in how to document the performance of manufactured treatment devices, especially when developing and implementing full-scale laboratory testing protocols. Therefore, it is incumbent upon stormwater managers who are interpreting the results of verification testing to determine the methods of sample analysis used and match the analytical methodology with the goals of the program. Differences in each of these between vendor verification testing can impact on the results. The purpose of standardized laboratory testing has been to ensure that the comparison is "apples to apples" but the lack of attention to the details of testing and analysis has left the profession examining devices using a "red apples to green apples" approach. 286  287  288  289  290  291  292  293  294  295  296  297  298  299  300  301  302  303  304  305  306  307  308  309  310  311  312  313  314  315  316  317  318  319  320  321  322  323  324  325  326  327  328  329  330  331  332  333  334  335  336  337  338  339  340  341  342  343  344  345   346   347  348  349  350  351  352  353  354  355  356  357  358  359  360  361  362  363  364  365  366  367  368  369  370  371  372  373  374  375  376  377  378  379  380  381  382  383  384  385  386  387  388  389  390  391  392  393  394  395  396  397  398  399  400  401  402  403 
